The aim of this work was to evaluate the potential use of recycled sewage-sludge as a biosorbent for removing various metals from aqueous solution. To improve adsorption capacity and accomplish easy solid-liquid separation, the sludge was immobilized into the rod type with Ca-alginate. The removal performance was analyzed through kinetic and equilibrium studies. We conducted batch experiments examining the removal of cationic metals and anionic metals/metalloid by the rod-type biosorbent (cations: Cd(II), Cu(II), Cr(III), Fe(II), Ni(II), Pb(II), Zn(II), Mn(II), Al(III), As(III), and Fe(III); anions: As(V), Cr(VI) and Mn(VII)).The rod-type biosorbent, which was manufactured using sludge and alginate, showed higher adsorption capability for the removal of cationic metal than anionic metal. In evaluations of cation adsorption, divalent cations adsorbed more and faster than trivalent cations. The maximum uptake of Cd(II) was determined to be 67.29 mg/g, which was higher than those of other sludge adsorbents reported in the literature. In evaluations of anions, As(V), Cr(VI) and Mn(VII) were removed by different mechanisms. In this study, we simultaneously evaluated the adsorption performance of a new biosorbent for cationic and anionic metals. Our findings are expected to contribute to the commercialization of sludge-based biosorbents.
Introduction
Sewage-sludge, which is produced during the activated sludge process, contains numerous known and unknown hazardous materials such as pathogenic organisms, toxic organic pollutants and heavy metals.
Conventional sewage-sludge treatment methods such as ocean dumping, landfilling and incineration are strictly regulated in many countries because of associated economic and environmental problems [1, 2] . Therefore, the main problems of sludge disposal are related to the need to find and develop more efficient, economical and sustainable technologies for sludge disposal [3, 4] .
Recently, alternative strategies such as biosorption have received significant attention. Biosorptionis defined to bind and concentrate selected ions as the property of biomass from aqueous solutions. This technology has been used as an alternative method of removing harmful toxic heavy metals by taking advantage of biological adsorption properties [5] . Biosorbents, or adsorbents used in biosorption, are prepared using various types of biomass including algae, aquatic plants, moss, bacteria, and sewage-sludge [6] [7] [8] . Sewage sludge is one of the most abundant types of microbial biomass. For this reason, there have been attempts to use it as a biosorbent [9] [10] [11] [12] [13] . However, sewage-sludge has several disadvantages for use as a biosorbent such as the problem of maintenance of strength of biomass, separating suspended biomass from treated effluent, and inability to regenerate/reuse [10] . Therefore, immobilization technologies are commonly used to enhance its stability, mechanical strength, reusability, and ease of handling [5] . Various polymers are used for sewage-sludge immobilization. Among these, natural polymers such as alginate and chitosan are appropriate for immobilizing sewage-sludge as they are sustainable.
The biosorption of sewage-sludge for immobilization using alginate has been studied previously [15, 16] . A literature review indicates that there is a lack of studies examining biosorption of various metals using sewage-sludge, and that there are no reports that detail the removal mechanisms for different metals.
The rapid development of various industries is causing more and more metals to contaminate the natural water environment. To commercialize biosorbent applications, it is essential to study the adsorption capacity for various heavy metals. In this study, we examined the adsorption of various heavy metals to meet requirements for decontaminating water. Kinetic and equilibrium experiments were conducted to evaluate the removal mechanisms, biosorptive rates and adsorptive capacity of the biosorbent derived from sewage sludge by being immobilized with alginate.
Materials and Methods

Preparation of Raw Biomass
Sewage sludge, a complex consortium of microorganisms primarily consisting of bacteria, was collected from a university wastewater treatment plant (Wonju, Korea). It comprised 86% water content and 14% solid content.
Immobilization of Biomass
First, 1 g (dried basis) of activated sludge was stirred in 100 mL distilled water. After mixing, 4 g of sodium alginate was added by continuous stirring. The mixture was extruded by syringe into 0.1M calcium chloride.
The resulting rod-type biosorbents showed 0.3-0.4 mm in diameter ( Fig. S1 ) and were maintained in the polymerizing medium for 4 h. The rod-type biosorbents were washed in deionized water to leach out any excess solvents and then freeze-dried.
Reagents
Pure analytical grade Al(III), As(V), Cd(II), Cu(II), Cr(III), Cr(VI), Fe(II), Ni(II), Mn(II), Mn(VII), Pb(II) and Zn(II) solutions were prepared by dissolving solid AlCl 3 (Samchun, Korea) in deionized water. All chemicals used in this studywere of analytical grade.
Batch Experiments
All experiments were carried out in 230 mL plastic bottles with constant agitation at 200 rpm and room temperature (20-25℃) . For the evaluation of immobilization effect, 2 g/L of immobilized sludge and raw sludge were contacted with 50 mg/L of deionized water for 12 h. Batch biosorption experiments, including kinetic and equilibrium experiments, were conducted to evaluate the cationic and anionic metal adsorption of the rod-type biosorbents. In the kinetic experiment, 2 g/L of biosorbentwas contacted with 50 mg/L of each metal solution. In the case of cationic metal biosorption experiments, the solution was maintained at pH5. Experiments to study anionic metal/metalloid biosorption were conducted at pH2. Equilibrium experiments for isotherm study were performed in a similar manner to kinetic experiments, except that the initial metal concentrations were altered from 0 to 500 mg/L, which resulted in different equilibrium metal concentrations after 12 h. In all batch experiments, the solution pH was maintained at the desired value using solutions of 1M HCl and 1M NaOH. Samples were intermittently removed from bottles to analyze cationic or anionic metal concentration, following appropriate dilutions with deionized water.
Measurements of Batch Adsorption Capacity, Isotherm and Kinetics
The amount of metal contaminants adsorbed at equilibrium per unit mass of biosorbent (q e ) was calculated using the equation
Where C 0 and C e are initial and equilibrium concentrations of adsorbate (mg/L), respectively, W is the dry mass of the adsorbent (g), and V is volume of the solution (L).
Kinetic models of pseudo-first order and pseudo-second order were used to comprehend the biosorption behavior of metals onto biosorbent in relation to time and to assess the rate of biosorption.
Kinetic models can be exploited to investigate biosorption mechanism and potential rate-controlling step that may include mass transport and chemical reaction processes [17] . The pseudo-first order equation is given as
whereq e is the amount of adsorbate adsorbed (mg/g) at equilibrium, and q t is the amount of adsorbate adsorbed (mg/g) at time t (min), and k 1 (min -1 ) is the rate constants of the pseudo-first order biosorption. The pseudo-second order equation usually describes the situation when the rate of direct adsorption/desorption controls the overall sorption kinetics. The pseudo-second-order equation typically describes the removal behaviors of metals [18] . The integrated form of the pseudo-second-order equation is expressed as
whereh (g/mgh) is initial sorption rate, and k 2 (g/mgh) is the rate constant for the pseudo-secondorder equation.
Biosorption isotherms represent the interactions between biosorbate and biosorbent, providing
information about the distribution of biosorbate between liquid and solid phases in several equilibrium concentrations. Thus, isotherm modeling is important for biosorption data interpretation and prediction [19] .
In this study, the isotherm models of Freundlich and Langmuir were used to evaluate biosorption equilibrium data. The Freundlich and Langmuir isotherm equation are in the forms
whereK f and n are constants incorporating all parameters affecting biosorption in the Freundlich equation, and b is the constant related to affinity of the binding sites in the Langmuir equation. In the Freundlich equation, K F (mg/g) (L/mg) 1/n and n (dimensionless) are Freundlich constants. On average, favorable adsorption conditions tend to have Freundlich constant n between 1 and 10, when Langmuir q max is the maximum adsorption capacity (mg/g), and b (L/g) is the Langmuir isotherm constant.
Analytical Methods
All samples were filtered through a 0.20 m membrane before analysis. The total organic carbon (TOC) of the solution was measured using a TOC analyzer (TOC-V CPH/CPN , SHIMADZU, Japan). Total nitrogen (TN) and total phosphorous (TP) were determined using a test kit (C-MAC. Co., Korea).The infrared spectrum of the biosorbent was obtained using a Fourier transform infrared spectrometer (Vertex 70, Bruker). The total metal concentration was analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES, IRIS-Thermo Jarrell Ash Co., USA). Some metal was analyzed by a colorimetric method. The Cr(VI) concentration was spectrophotometrically analyzed at 540 nm according to a standard method using 1,5diphenylcarbazide [20] . The pink color of Mn(VII) alone was analyzed at 525 nm for measuring concentrations [21] .
Results and Discussion
Evaluation of Immobilization Methods
One of the most important reasons to use immobilization techniques when preparing biomass is that it improves the stability of the material for industrial applications. This stability can be measured as TOC released from the biosorbent during pretreatment with a deionized-distilled water wash. TOC is often used as a non-specific indicator of water quality. The raw biosorbent (activated sludge) is composed of microorganisms such as bacteria, fungi, yeasts, algae, and protozoa [22] . Therefore, the primary composition of the biomass can be easily dissolved in water due to its organic content. For this reason, use of raw biosorbent can lead to secondary organic material contamination, which could be solved by improving the stability of the biosorbent through immobilization. The amounts of TOC released from the rod-type biosorbent are much lower than those for raw biosorbent (Table S1 : 5.77 mg-C/L vs. 26 .66 mg-C/L). These results demonstrate that immobilization technique used in this study improves the stability of biosorbent. In addition, an advantage of this method is the enhancing effect of alginate on cationic removal.
According to past studies, the carboxyl group of alginate can efficiently bind cationic heavy metals [23] .
The biosorbent used in this study also had a carboxyl group, indicating that cation sorption capacity was improved ( Fig.S2 and Table S2 ). For practical application of the biosorbent, its mechanical stability was also examined. There was no destruction of the biosorbent under experimental conditions of this study (data not shown).
Removal of Cationic Metal by Rod-type Biosorbents
In a previous paper, the performance of biosorbents was evaluated for only one or two metals. However, there are many kinds of metals in the environment. For this reason, we evaluated the performance of the biosorbent for a variety of individual metals as well as its potential utility as a cation heavy metal adsorbent.
To study adsorptive capacity and to understand the mechanism underlying the function of rod-type biosorbent, we performed kinetics and isotherms studies.
Firstly, we conducted a kinetic study to provide detailed information for biosorbate uptake rate and the rate-controlling step for each metal. This type of experiment is most important when designing batch sorption systems. Fig. 1 shows concentration profiles of divalent metals (Cd(II), Cu(II), Fe(II), Ni(II), Mn(II), Pb(II) and Zn(II)) and trivalent metals (Al(III) and Cr(III)) versus agitation time using the rod-type biosorbent at pH 5. To quantitatively describe the kinetic behaviors of divalent metals and trivalent metals during the biosorption process, pseudo-first order and pseudo-second order adsorption kinetic equations were used to fit the batch kinetic data, following the expressions in Eqs.
(2)-(4). Based on the equations for the different metals, we calculated the values of rate constant, initial sorption rate, and coefficients and are presented in Table 1 . The R 2 values are higher than those of the pseudo first-order model and indicate that the pseudo-second order kinetic model is a better fit for describing biosorption kinetics of the heavy metals analyzed in this study onto rod-type biosorbent. This indicates that cation metals adsorption is a chemisorption process involving valency forces through the sharing or exchange of electrons between rodtype biosorbent and cation metal ions acting as covalent forces [24] . Ca-alginateimmobilized inactive biomass has known that to some extent carboxyl groups (−COOH) are responsible for the binding ofmetal ions at higher pHs (above 4), which attract the positively charged metal ions and binding occurs. Thus, heavy metal ion binding to the biomass surface is an electrostatic interaction mechanism, between metallic cations and the negatively charged groups in the biomass surface.
When comparing equilibrium uptake values, q e , Pb(II) presented the highest value of 28.23 mg/g according to the pseudo-second order adsorption kinetic equations (Table 1 ). However, the uptake value of Pb(II) was not explained solely by sorption, because precipitation of the Pb(II) hydroxides partially occurs at pH 5. Based on a comparison of initial sorption rate, h, between the metal ions studied, the following tendency concerning hard and soft metal cations was observed: Cd(II) > Fe(II) > Zn(II) > Ni(II) > Mn(II) > Pb(II) > Cu(II) > Cr(III) > Al(III).
The relationship between metal uptake and sorbate equilibrium concentration at a constant temperature is known as the adsorption isotherm. There are many expressions that describe adsorption isotherms, the most common of which are the Freundlich and Langmuir models, following Eq. (4) and (5) .
Freundlich and Langmuir isotherms describe the adsorption of inorganic compounds on a wide variety of adsorbents including biosorbent [25] . Isotherm simulations from the Freundlich and Langmuir models of cationic heavy metals for rod-type biosorbent are shown in Fig. 2 . The values of Freundlich and Langmuir isotherm constants are given in Table 2 . After comparing the linear correlation coefficients shown in Table   2 , most cationic metal ions have similar R 2 values between the two models or the Langmuir model fits better except for Pb(II). As mentioned above, Pb(II) was precipitated under experimental condition. The Freundlich isotherm shows adsorption-complexation reactions during the adsorption process [26] . The present study demonstrates that the value of R 2 for the Freundlich model was higher than that of the Langmuir model. It is generally accepted that the Langmuir model describes monolayer adsorption with specific adsorption onto functional binding sites at the adsorbent [27] . According to Table 2 , the maximum sorption capacity (q max ) was highest for sorption of Pb(II). Although the Langmuir constant q max is dependent on experimental conditions, it is a good measure for comparing different sorbents for the same biosorbate. The q max value was 67.29 for Cd(II), which was higher than in previous studies of biosorbents of sludge ( Table 3 ). The Langmuir maximum metal sorption capacity of other metals decreased in the following order: Pb(II) > Cd(II) > Cu(II) > Zn(II) > Cr(III) > Ni(II) > Mn(II) > Fe(II) > Al(III).
Removal of Anionic Metalloid/Metals by Rod-type Biosorbent
While a large amount of cation heavy metal is present in aqueous solution, the importance of anions is a growing concern in the field. Anions such as arsenate (HAsO 4 2or H 2 AsO 4 -: As(V)), chromate (CrO 4 2− :
Cr(VI)) and permanganate (MnO 4 -: Mn(VII)) are conventionally removed by ion exchange, precipitation, or activated carbon sorption [28] . For this reason, we applied rod-type biosorbent for further biosorption studies of extended anionic metalloid/metals species. To understand the mechanisms and sorption capacities of the rod-type biosorbent, we conducted kinetics and isotherm studies for anion species. Fig. 3 is a plot of experimental data points for the sorption of arsenate, chromate, and manganese oxide on rod-type biosorbents as a function of time at pH 2. It is generally accepted that the mechanism of anion biosorption is adsorption by electrostatic attraction at low pH.
Amine groups in biomass play important roles as key sites for anionic metal sorption. FTIR analyses of the rod-type biosorbent indicated that there were few amide groups ( Fig. S2 and Table S2 ). However, as shown in Fig. 3 , Mn(VII) concentration sharply decreased, and Mn(VII) was completely removed from the aqueous solution. To examine the Mn(VII) removal characteristics of the rod-type biosorbent, we investigated the total manganese concentrations (Fig. 4 ). After complete Mn(VII) removal, 30 mg/L of total Mn was bound to the rod-type biosorbent. Comparison of model fitting data could explain the mechanism for sorption, and those of Mn(VII), as shown in Table 1 , was considerably higher for the pseudo-first-order kinetic model. The sorption of Mn(VII) did not fit any isotherm model ( Table 2 ). The Mn(VII) removal mechanism is different from those of other metals. Naturally, Mn(VII) is stable in neutral or slightly alkaline solution. The exact chemical reactions occur in a manner dependent upon the organic contaminants present and the oxidant utilized. In acidic solution, Mn(VII) is reduced to the colorless +2 oxidation state of the Mn(II) (Mn 2+ ) ion, which binds to negatively charged groups in the rod-type biosorbent. For this reason, the biosorption mechanism of anionic Mn(VII) at low pH is believed to be adsorption-coupled reduction.
As mentioned above, adsorption isotherms are used for the design of adsorption systems. The
Langmuir and Freundlich adsorption isotherm models have been used for describing the anion adsorption isotherm. Table 2 presents the adsorption parameters of Langmuir and Freundlich as calculated for biosorption of As(V) and Cr(VI) on rod-type biosorbent. The Langmuir and Freundlich adsorption isotherm results are shown in Fig. 5 .The Langmuir isotherm constants are given in Table 2 . The equilibrium monolayer capacity, q max , was 5.55 mg/g for As(V) ions and 3.17 mg/g for Cr(VI) ions. There was virtually no binding to the rod-type biosorbent for adsorption of anions.
Conclusions
Rod-type biosorbent prepared from activated sludge and alginate is a low cost, easily accessible and complex biosorbent. Because a variety of toxic metallic species are found in natural waterways and in wastewater, we investigated cationic and anionic heavy metals as a single system. A rod-type biosorbent manufactured from sludge and alginate achieved higher adsorption capability for removal of cationic metal than removal of anionic metal. Most of the metals were well fit by the pseudo-second-order and Langmuir models. For cationic metals, the maximum metal uptake was as follows: Pb(II) > Cd(II) > Cu(II) > Zn(II) > Cr(III) > Ni(II) >Mn(II) > Fe(II) > Al(III). The maximum uptake of Cd(II) was determined to be 67.29 mg/g, which was higher than those of other sludge adsorbents reported in the literatures. Different anionic metals were removed by different mechanisms, and binding to the rod-type biosorbent was poor. Our results indicate that different metals have different removal mechanisms depending on the metal characteristics. 
